We report on molecular weight dependence measurements for an optical resonance biosensor. A dielectric microparticle is evanescently coupled with an optical fiber for the resonance stimulation, and a shift of the resonance wavelength is measured to monitor protein monolayer formation on the microparticle surface. Wavelength shifts for proteins over two orders of magnitude in molecular weight are measured. We show that the shift is proportional to molecular weight to the one-third power. Our result demonstrates that the optical resonance biosensor provides protein size information upon detection. This molecular weight dependency differentiates optical resonance sensing from electrical detection using field-effect transistors.
Label-free detection of biomolecules has become an active area of research. New sensing methods have been sought to enhance the sensitivity and facilitate miniaturization of devices. Recent notable approaches are the direct electrical detection of biomolecules using field-effect transistors ͑FET͒.
1-4 Single viral particle detection has been demonstrated with a silicon nanowire FET. 2 Although FET sensors allow scalable detection of biomolecules in real time, the signal transduction relies on charges carried on analyte molecules. The sensor signal alone does not provide the information on properties such as molecular weight ͑M͒.
The use of a high-Q optical resonator for biomolecular detection has been demonstrated for protein adsorption and deoxyribonucleic acid hybridization with unprecedented sensitivity. 5, 6 Based on first-order perturbation theory, we find that a resonance frequency shift is proportional to the excess polarizability of an analyte molecule and its surface density. 7 Since polarizability scales with the volume of a molecule, 8 a resonance frequency shift is expected to contain molecular size information ͑i.e., molecular weight͒.
In what follows, we investigate the M dependence of a resonance frequency shift. We test five protein samples from 5000 to 700 000 g / mol, and measure the shift for protein monolayer formation on the microparticle surface. We then provide a quantitative analysis of a protein layer to address the M dependence.
Our biosenser consists of a distributed feedback laser with a nominal wavelength of ϳ760 nm ͑Princeton Lightwave͒ as the light source, a sample cell, and a Si detector ͑818SL, Newport͒ to monitor the transmitted light intensity ͑Fig. 1͒. The setup is similar to the one reported earlier, 6 but we modified the sample cell and improved on the temperature control and the solution mixing. The new sample cell is fashioned from a disposable polystyrene cuvette cut to 1.5 cm height. A single-mode optical fiber ͑780 HP, Nufern͒ is passed through the cuvette and secured with epoxy resin. The sample cell is placed on a modified laser mount, whose temperature is maintained at 25°C by a laser controller ͑LDC-3742B, ILX Lightwave͒.
To stimulate a resonance in a microparticle ͓also known as whispering gallery mode ͑WGM͔͒, a section of the optical fiber is acid eroded to a final diameter 4 m in the sample cell, thus exposing the evanescent filed. We fabricate a silica microparticle ͑equatorial radius R ϳ 200 m͒ of an oblate shape with the eccentricity of ϳ0.05 by melting a singlemode optical fiber in a butane/nitrous oxide flame. The microparticle is positioned to make contact with the etched section of the fiber. Optical resonances in the microparticle are detected as dips in the transmitted light intensity when the wavelength is scanned repeatedly at 2 Hz between 24 and 32 mA using a saw-tooth-shaped function ͑3325 A, Hewlett Packard͒. The output wavelength has a drive current i ͑mA͒ dependence of ͑nm͒ = 761.0185+ 0.0043i + 1.0 ϫ 10 −5 i 2 . The LABVIEW program records the transmission spectrum and tracks a resonant dip by detecting its position with a parabolic minimum fit. A typical quality factor of a resonance in water is ϳ4 ϫ 10 6 . We selected five water-soluble proteins with M ranging from 5000 to 700 000 g / mol: Insulin ͑I5500, Sigma, M = 5800͒, ␣-lactalbumin ͑LA, L6010, Sigma, M = 14 300͒, bo- vine serum albumin ͑BSA͒ ͑A2153, Sigma, M = 66 000͒, ␥-globulin ͑191 478, ICN Biomedical, M = 152 000͒, and thyroglobulin ͑T1001, Sigma, M = 670 000͒. All protein stock solutions were prepared by dissolving protein in 10 mM phosphate buffered saline ͑PBS͒ ͑pH 7.4͒ except ␥-globulin, which was dissolved in 50 mM PBS at pH 6.
Microparticle surfaces are chemically modified to enhance protein adsorption onto the surfaces. Amine surface 9 is used for all the proteins except ␥-globulin. Carboxyl surface 10 is used for the latter. To measure a resonance shift at monolayer saturation for each protein sample, we first carry out adsorption isotherm experiments to find the protein concentration necessary for monolayer formation on the microparticle surface.
The sample cell is filled with 980 l PBS, and a freshly modified microparticle is mounted on the xyz stage and allowed to thermally equilibrate with the sample cell solution. 20 l of a protein stock solution is injected and the adsorption is monitored by following the resonance dip position. The measurement is carried out under constant mixing and is terminated when the dip position no longer changes. LA, BSA, and thyroglobulin achieve monolayer saturation at 0.2 M ͑Fig. 2͒, whereas insulin and ␥-globulin require 0.5 nM and 4.3 M, respectively. The adsorption isotherm follows a Langumir-type pattern, indicating that protein layer is no more than one layer.
Using the monolayer concentrations determined from the isotherm experiments, a wavelength shift is measured three times for each protein sample. A fractional wavelength shift ⌬ / ‫ء‬ R at monolayer saturation is plotted at logarithmic scale in Fig. 3 . The slope is 0.31± 0.02. The inset confirms that the fractional shift is proportional to M 1/3 and the error bars indicate the spread of data from the three measurements. The linear fit of the M 1/3 graph has the slope 0.060± 0.003. Having confirmed the M dependency of ⌬ / , we proceed with quantitative analysis of protein layers. We start our analysis by obtaining the analytic expression for a resonance shift for a protein layer formation. A layer perturbation corresponds to adding the dielectric excess n l 2 − n m 2 of thickness t to the microparticle surface, where n l and n m are the refractive indices of the layer and the medium, respectively. From the first-order perturbation theory, the fractional wavelength shift is
where L is the evanescent field length given by L = ͑ /4͒ ϫ͑n ef f 2 − n m 2 ͒ −1/2 , n s is the refractive index of the microparticle, and n eff is the effective index for propagation within the WGM. 11 In the limit of a thin layer ͑t / L Ӷ 1͒, Eq. ͑1͒ can be approximated and we take an effective medium approach to account for inhomogeneity of the layer. We obtain
where f is the volume fraction of protein and n p is protein refractive index. LA, ␣-lactalbumin, is known to assume a spherical shape and its adsorption kinetics is successfully modeled by treating LA as a sphere. 12 We treat LA as a model protein. The volume of a protein molecule can be written as M͑N A p ͒ −1 , where N A is Avogadro's number and p is mass density. Relating this expression to the volume of a sphere, ͑4 /3͒r 3 , we find the radius r in terms of M : r = ͑3M /4N A p ͒ 1/3 . The thickness of a layer packed with spheres is 2r, and Eq. ͑2͒ becomes
.
͑3͒
Molecular weight dependence is evident in Eq. ͑3͒. We compare Eq. ͑3͒ to our empirical result ͑⌬ / ͒ ‫ء‬ R = 0.060͑M͒ 1/3 . Using p ϳ 1.37 g / cm 3 , which is practically constant for most proteins, 13 n p = 1.50, 14 n m = 1.33, and n s = 1.46, we find the f value for the LA layer is 0.34.
Random packing of spheres onto a planar surface achieves lower surface coverage than hexagonal close packing. The simulation study by Torquato 15 estimates that the maximum fractional area coverage for the random packing is 0.55. Thus, the volume fraction is 0.367. Our LA layer is close to the theoretical limit.
Although all of our candidate proteins are termed "globular", LA has been characterized as being spherical. The others vary in shape. It appears from Fig. 3 that the WGM sensor is relatively insensitive to the shape morphology. The WGM sensor started out as a means for biomolecular detection, yet it now appears that one can make estimates of protein size.
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